Night-break has an inhibitory effect on flowering in short-day (SD) plants and is widely used in chrysanthemum Chrysanthemum morifolium Ramat.) production for flowering regulation. Although LED lamps are a new light source in agriculture, there have been few studies on chrysanthemums under LED light cultures. One incandescent (INC) lamp and four monochromatic LED lamps, with peak emissions at 630 nm, 660 nm, 690 nm, 735 nm, and 660 735 nm, respectively, were used as night-break light sources in chrysanthemum cultivation. Shoot elongation was enhanced significantly in both 'Jimba' and 'Iwa no hakusen' under treatments using light sources that emitted far-red (FR) light (LED-735, LED-660 735, and the INC lamp) compared with SD, LED-630, and LED-660 treatments. Photon flux density (PFD) in the range 700 799 nm was significantly related to the internode length. As shoot elongation under FR light increased internode elongation but not node number, it is probable that internode elongation was caused by gibberellin biosynthesis induced by FR light. Shoot lengths under the LED-630 and LED-660 light regimes, which only emitted red light, were not significantly different from those under control conditions. There was no significant relationship between internode length and Pfr/Ptotal, or the R/FR ratio.
INTRODUCTION
Chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the most important cut flowers in the world. As chrysanthemum is a short-day (SD) plant, night-break (NB) treatment by incandescent (INC) lamps from autumn to spring is necessary for the year-round production of cut flowers. The INC lamp is an efficient light source for regulating flowering, because it emits light at wavelengths ranging from 400 nm to over 800 nm. However, as a measure to prevent global warming, the Japanese government canceled the manufacture and sale of INC lamps. Therefore, the development of new light sources to replace INC lamps is a pressing need for the NB treatment of chrysanthemums. Fluorescent lamps not only are easily damaged, but also are not necessarily the optimal light source for NB treatment in chrysanthemums, because they are unsuitable for some chrysanthemum varieties, and flowering inhibition is incomplete (Cathey and Borthwick, 1970) .
LED lamps have recently been developed, and have the advantages over INC lamps of lower energy consumption and longer durability. LED lamps emit light over a narrow range of wavelengths, and are highly effective for photomorphogenesis, particularly at low light intensities . However, there have been few instances where NB treatment in chrysanthemums has been conducted using LEDs .
Light quality and photoperiod regulate many aspects of plant growth and development, including stem elongation and flowering. Shoot elongation is affected by light wavelength; blue and far-red (FR) light have a positive effect (Hirai et al., 2006; Shimizu et al., 2008; Arai and Ohishi, 2010) , whereas red (R) light has an inhibitory effect (Reid et al., 2002) . Phytochromes are important light sensors in plants, and induce photomorphogenic responses. Their maximum absorption spectra are 668 nm and 730 nm, and the two forms (Pfr and Pr) respond to R light and FR light, respectively (Kelly and Lagarias, 1985; Lagarias et al., 1987) . In this study, we investigated shoot elongation responses to different light qualities during NB treatment in chrysanthemums, as well as the relationship between different LED wavelengths and shoot elongation.
MATERIALS AND METHODS
Chrysanthemum morifolium Ramat 'Jimba' and 'Iwa no hakusen' were used as the plant materials. They flower in September and June under natural conditions in Japan. Shoots that were 10 cm in length were planted in plastic cases (32 cm 43 cm 10 cm) filled with BM2 (Berger Peat Moss Ltd., Canada 
RESULTS AND DISCUSSION
For the 'Jimba' cultivar, the plant heights six weeks after NB treatment were 23.5 cm (SD), 23.1 cm (LED-630), 24.9 cm (LED-660), 21.9 cm (LED-690), 36.3 cm (LED-735), 31.1 cm (LED-660 735), and 36.9 cm (INC), respectively (Table 1) . Plants under the LED-735, LED-660 735, and INC treatments were significantly taller than those under the other treatments, and the elongation of the shoots after six weeks was approximately 25 cm; those from the other treatments were approximately 13 cm. From the fourth week, shoot elongation in these three treatments was already significantly greater than that under the other treatments ( Fig. 2A) . Although there was no significant difference in leaf number between the treatments (except between LED-690 and LED-735), internodes (as calculated from plant height and leaf number) under the LED-735, LED-660 735, and INC treatments were significantly longer than under the other treatments (Table 1) .
For the 'Iwa no hakusen' cultivar, the plant heights six weeks after NB treatment were 29.0 cm (SD), 25.9 cm (LED-630), 25.8 cm (LED-660), 26.7 cm (LED-690), 35.8 cm (LED-735), 34.5 cm (LED-660 735), and 36.8 cm (INC), respectively (Table 1) . After six weeks of treatEnviron. Control Biol. From the third week, shoot elongation in these three treatments was already greater than that in the other treatments, and was significantly greater by the sixth week. There was no significant difference in leaf number between the light regimes, except between LED-690 and the other treatments. Shoot elongation patterns were similar to those observed for 'Jimba' (Fig. 2B) .
Irradiation by LED-735, LED-660 735, and INC enhanced internode elongation but not node number, as there was no difference in leaf number but there was a significant difference in plant height. Internode elongation is controlled by endogenous gibberellins (GA) (Weller et al., 1994; Grete et al., 1998) , and Reid et al. (2002) reported that GA biosynthesis is inhibited by R light, and this response differs between species and developmental stages. In our study, internode length and shoot elongation under the LED-630 and LED-660 treatments showed no difference from that under the SD treatment (Table 1 , Fig. 2) ; therefore, we conclude that R light did not have an inhibitory effect on GA biosynthesis in chrysanthemums in this study.
As shown in Fig. 1 , the LED-735, LED-660 735, and INC treatments promoted internode elongation, and had the wavelength 735 nm (FR light) in common. Rajapakse et al. (1993) reported that FR light enhanced stem elongation in chrysanthemums, and Hisamatsu et al. (2005) suggested that in Arabidopsis shoot elongation is caused by GA biosynthesis induced by FR light. Therefore, we suggest that the internode elongation in Vol. 52, No. 1 (2014) 'Jimba' and 'Iwa no hakusen' in the present study was caused by FR-induced GA biosynthesis.
Light emitted by the INC lamp, and some of the LED lamps, contained both R and FR light (Fig. 1) . As previously stated, since R light does not affect internode elongation, GA biosynthesis in this study was induced by FR light alone, as well as under the LED-735 treatment. The photon flux density (PFD) in the range 700 799 nm was significantly related to internode length in 'Jimba' (Fig. 3A) and 'Iwa no hakusen' (Fig. 3B) . Therefore, internode elongation may only be affected by the intensity of FR light.
Previous studies on the relationship between shoot elongation and light have demonstrated that the R/FR ratio is related to shoot elongation, and a low R/FR ratio promotes shoot elongation (Pierik et al., 2004; Franklin and Whitelam, 2005; Lorrain et al., 2008) . In the present study, we found no significant relationship between the R/FR ratio of NB light and internode length (Fig. 4A, B) .
Phytochromes play an important role in plant photomorphogenic responses (Whitelam and Halliday, 2007) and the Pfr and Pr forms of phytochrome are photoreversible when responding to R and FR light (Borthwick et al., 1952) . The ratio of Pfr/Ptotal can be estimated from the spectral photon flux distribution of irradiation, and phytochrome photoconversion (Sager et al., 1988) ; Table 2 shows the Pfr/Ptotal and Pr/Ptotal ratios in the different NB treatments. In 'Jimba,' there was no relationship between internode length and Pfr, or Pfr/Ptotal, and neither Pr nor Pr/Ptotal promoted internode elongation.
Regarding varietal differences, although the 'Iwa no hakusen' plants were taller and had more leaves than the 'Jimba' plants (Table 1) , the effect of NB treatment on both varieties was similar. Interestingly, Fukui et al. (2010) found that floral bud differentiation differed between 'Jimba' and 'Iwa no hakusen,' depending on the wavelength of light.
Recent studies have found that phytochrome A (phyA) and phytochrome B (phyB) have different functions. Reid et al. (2002) and Foo et al. (2006) reported that phyAmediated FR light responses regulate GA synthesis in plants, and consequently, affect stem elongation. Moreover, the transduction of light signals via phytochromes (phyA or phyB) regulates the CONSTANS (CO) protein, which may activate the FLOWERING LOCUS T (FT) gene, which controls flowering (Kardailsky et al., 1999; Kobayashi et al., 1999; Corbesier et al., 2007) . 'Iwa no hakusen' has a normal signal transduction of phytochromes with respect to stem elongation, but this function varies with respect to floral bud differentiation. On the basis of the results of the present study, we are of the opinion that phyA was induced by FR light, that in turn Environ. Control Biol. Sager et al. (1988) . Fig. 3 The relation between internode length and PFD at the range of 700 nm to 799 nm in 'Jimba' (A) and in 'Iwa no hakusen' B).
Fig. 4
The relation between internode length and R/FR ratio in 'Jimba' (A) or 'Iwa no hakusen' B).
LED EFFECT ON SHOOT ELONGATION
enhanced GA biosynthesis, resulting in greater shoot elongation.
